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INTRODUCTION 
Many studies 1•2 ) of the drying-rate equations have been performed, dividing the 
drying period into constant- and falling-rate periods. However, the drying phenomena of 
several foods are rather complicated, and we can not determine the exact critical moisture 
content that markes the turning point of the two periods. In order to design various dry-
ing apparatuses, it is necessary to determine an approximating drying-rate equation which 
could be applied to all drying periods. 
In a previous paper,3> we studied the drying-rate equations based on the drying-shell 
models and the calculation methods of the rate parameters in the rate equations. Then, 
we determined the rate parameters in the drying-rate equations of water-absorbing 
sponges which were considered as simply imagined fiver-foods. 4> 
In the present paper, we took up the study of the drying of agar gel and carrot, and 
proposed drying-rate equations which could be applied in all drying periods. 
EXPERIMENTAL METHODS AND RESULTS 
1. Samples 
As the samples in the studies of drying-rate equations, a agar gel and a carrot were 
used. These samples were used in the shape of the sphere. The sample of agar gel was 
prepared by a sphere shape mould made of bress. Powdered agar was dissolved in hot 
water. The dissolved agar had a concentration of 5 wt% agar. The dissolved agar was in-
jected into the mould, and then the injected agar and the mould were cooled in ice-water 
to formed as a sphere shape. 
The sample of carrot was prepared in a sphere shape by a razor knife. The sampe was 
bought at the near market, and the center part of the carrot was used as sample. 
Then each sample which had been stored in SaC water, was transfered into drying 
temperature water over a 30 minutes period before the sample was used. The condi-
tions of the samples are shown in Table 1. 
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2. Experimental apparatus and methods 
The experimental apparatus is the same as the one for the previous paper.4l The 
diameter of the air flow dryer is 10.5 cm. Temperature and humidity of the air are con-
troled automatically by two transistor relays based on the dry- and wet-bulb temperatures 
in the dryer.The velocity of the air is measured by use of the orifice flow meter. In pre-
sent the experiments, the center temperature of the sample was measured by a C-C 
thermocouple of 1.6 mm diameter. 
The sample was hung on a very fine wire under a chemical balance set up in the upper 
part of the dryer. 
3. Experimental results 
Table I illustrates the experimental conditions. The relations of the weight w (g) 
and the center temperature tcCOC) of drying material vs. drying time (} (min) were 
measured. The relations of w (g) and tcCU C) vs. (} (min) for the drying of agar gel and 
carrot are shown in Figs. I and 2, respectively. The solid, broken and chain lines for the 
w vs. (} are the calculated values as shown latter. 
Table 1 . Experimental conditions 
Initial values Initial values Dry- and Wet-bulb 
temperatures Air velocity 
Run Samples Diameters Weights Volumes Density 
(sphere) D 0 (cm) wo(g) V 0 (cm3) Po(g/cm3) 
u(cm/min) 
t d(oC) tw(C) 
agar gel 1.20Xl.20X1.30 0.950 0.980 0.969 40.0 25.0 3480 
2 carrot 1.28X1.28X1.28 1.036 1.098 0.943 40.0 29.0 3480 
1.0 40 
1.0 40 
0.8 r 
tc vs.(} 35 G 0.8 
0~ r 35 ~"' ~ tc vs. e 0.6 
" 
" 
§ 2 0.6 30 ~ 
" ~ 0. w vs. e E u 
'- 30 0.4 ~ 0 
~ :;:: ~ 
<= -~ 0.4 
" ::: Run 2-A Run 1-A 25 u wvs. e J 0.2 'il 25 
0.2 
0 20 
0 50 100 150 200 250 0 20 
Drying time e (min) 0 100 200 300 
Fig. 1. Weight and cent er Drying time e (min). 
temperature of agar Fig. 2. Weight and center 
gel vs. drying time, temperature of ea-
fd;40°C, fw;25°C, 
rrot vs. drying time, 
u;3480cm/min. td;40°C, fw;29.0° 
C, u;3480cm/min. 
G 
0~ 
~" 
" § 
~ 
" 0. E 
~ 
~ 
" <= 
" u
Drying-rate Equations of Agar Gel and Carrot. 125 
Table 2 illustrates the experimental results which were used to calculate the ra
te para-
meters in the drying-rate equations. The weight of the equilibrium state of th
e sample 
we (g) was taken as being the value that kept the balance unchanged for more than 60 
min. The weight of the completely drying state of the sample w d(g) was decided as being 
the value that dried the equilibrium material for 2 hours at I 05° C in a laborato
ry oven 
dryer. 
Table 2. Experimental results 
Equilibrium values Completely drying values 
Run Samples 
Pe(g/cm3) De (cm) w e(g) V e(cm 3) w d(g) Vd(cm 3) Pd(g/cm3) 
agar gel 0.392 X0.761X0.761 0.0450 0.1187 0.397 0.0380 
0.1187 0.320 
2 carrot 0.240 X0.885X0.890 0.0858 0.0990 0.867 0.0522 
0.0990 0.527 
Vapor pressures Humidity Moisture concentrations 
Water concentration 
Run p psd PSW H CS cg 
ph (g-H20/cm 3) 
(mmHg) (mmHg) (mmHg) (g-H20/g-D.A.) (g-H20/cm3J 
1 16.8 55.3 23.8 0.014 3.30X1
0-5 1.55X10-5 0.923 
2 24.9 55.3 30.0 0.021 2.87X1
0-5 2.29Xto-5 0.865 
The values of the moisture concentrations of a gas-film and a undrying-core 
surface 
cg and c. (g- H2 0/ cm3 -void) are obtained from the following equations. 
cg= H/((H/18) + (1/29)) ((22.4 X 103 ) (273.2 + tct)/273.2) (1) 
Cs= 18psw/((22.4 X 103 ) (760) (273_2 + tw)/273.2) (2) 
The values of the water concentration of a vaporization Ph.(g- H2 0/ cm 3 ) were calculat-
ed using a following equation_ 
(3) 
DRYING-RATE EQUATION AND DETERMINATIONS OF RATE PARAMETERS 
I. Drying-rate equations 
The drying-rate equations based on drying-shell models which considered the s
urface-
shrinkage for the sphere, the long-cylinder and the infinite-slab, respectively 
were de-
scribed in the former paper. 3l The drying-rate equation for the spherical materi
als can be 
expressed as follows: 
(4) 
The rate parameters of gas-film diffusion and shell diffusion hm ( cm3 -void/ cm
2 
-min) 
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and km (·cm3 -void/cm-min) in Eq. ( 4) can be calculated from the experimental results 
in Figs. 1 and 2. 
The radius of the undrying-core rc(cm) and material R(cm) in Eq. (4) are calculated 
using the following equations. 
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The relations of the drying-rate dW/dB (g-H 2 0/min·D.M.) vs. the moisture content 
W(g-H 2 0/g-D.M.) for the drying of agar gel and carrot are shown in Figs. 3 and 4, re-
spectively. The calculated values of W and dW/dO in Figs. 3 and 4 were obtained from w 
and dw/dO using the following equations. 
(8) 
dW/dO = (dw/dO)/wd (9) 
2. Determinations of rate parameters 
For the calculation of the rate parameters in the drying-rate equation, we used a non-
linear least square method. The programs for the calculation are the same as in the pre-
vious paper.3> In the previous paper, we minimized the standard deviation ar(cm) for 
'c' but in this paper we minimized the following standard deciation aw(g) for w. 
(10) 
The initial values of the rate parameters hm and km were given the average values ob-
tained from the integrated equations. These have been illustrated in the previous paper 
assuming gas-film or shell diffusion controlling. The FACOM 23Q-75 digital computer in 
the Computation Center ofNagoya University was used for these calculations. 
CALCULATED RESULTS AND DISCUSSIONS 
Table 3 illustrates the calculated results of the rate parameters hm and km. The surface 
temperatures of the undrying-core can not be measured, so we took up with the wet-
bulb temperatures or the center temperatures of the samples rather than with the surface 
temperatures. The Runs 1-A and 2-A in Table 3 are the results which used the values of 
cs for the wet-bulb temperatures tw(°C) as shown in Eq. (2). The Runs 1-B, 1-C, 2-B 
and 2-C are the results which used the values of cs for the center temperatures of samples 
tcCC) instead of the wet-bulb temperatures twCC). The Runs 1-C and 2-C in Table 3 
are the results which used the fixed values of hm at the initial drying time. 
Table 3. Rate parameters hm (cm3 -void/cm2 • min) and km (cm3 -void/cm· min), 
and standard deviation a w (g). 
Run Initial values Number of 
Calculated values 
hm km aw iteration hm km a.w 
1-A 191 4.32 0.1702 15 198 497 0.0108 
1-B 120 1.75 0.2376 13 224 11.6 0.0186 
1-C (170) 1.75 0.1975 11 (170) 44.6 0.0401 
2-A 193 3.50 0.1717 15 202 141 0.0081 
2-B 97.6 1.23 0.2370 11 193 5.93 0.0044 
2-C (171) 1.23 0.1707 8 (171) 7.82 0.0136 
): fixed values at initial drying time. 
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The calculated values of the weight w(g) vs. drying time 8 (ruin) for the rate para-
meters in Table 3 are shown in Figs. 1 and 2, and the relations of the drying-rate dW/dB 
(g-H 2 0/min.g-D.M.) vs. moisture content W (g-H2 0/ g-D.M.) are shown in Figs. 3 and 4. 
The rate parameters hm must be used to fix the values at the initial drying time, but 
the calculated values of Runs 1-C and 2-C are less satisfactory than those of the other 
ones. The reasons are that the drying data of these samples are not sufficient to discuss 
the drying-shell model, and that the rate parameters km can not keep up a constant value 
throughout all the drying time. 
The results of Runs 1-B, 1-C, 2-B and 2-C in Figs. 3 and 4 are more complicated than 
the results of Runs l-A and 2-A, and show a similar tendency of the experimental waved 
lines, but we can not figure them out with accuracy. One of the reasons is that the sur-
face temperatures of the undrying-core is not assumed with accuracy. 
The Runs l-A and 2-A are not the exact theoritical model, but the standard deviations 
a w in Table 3 are lower than the others, and these results is not require to measure the 
sample temperatures. We adopt these results for the design of various drying apparatuses, 
but the theoritical meaning of the rate parameters is less clear than the other Runs. 
RESULTS 
The rate parameters in the drying-rate equations of the agar gel and carrot were cal-
culated, replacing the surface temperatures of the undrying-core by the wet-bulb tem-
peratrures or the center temperatures of the samples. The standard deviations for the 
results which used the wet-bulb temperatures were smaller than those which used the 
center temperatures of the samples. 
The rate parameters for the fixed values of hm at the initial drying time were calculat-
ed too. The rate parameters hm must be used for the fixed values at initial drying time, 
but the standard deviations were not smaller than the other ones. One of the reasons 
is that the rate parameters km can not be a constant value throughout the whole 
drying time. 
This paper was presented in part at the 24th Annual Meeting of the Japanese Society 
of Food Science and Technology, May 11, 1977, Tokyo. 
SUMMARY 
In the previous paper, we studied the drying-rate equations based on the drying-shell 
models and the calculation methods of the rate parameters in the rate equations. In the 
present paper, the drying-rate equations of a agar gel and carrot based on the drying-
shell model have been studied. 
The surface temperatures of the undrying-core can not be measured, so we took up 
with the wet-bulb temperatures and the center temperatures of the samples instead of 
the surface temperatures. The calculated results which used the center temperatures 
showed a similar tendency in the experimental results, but the over-all relationships were 
less satisfactory than the results which used the wet-bulb temperatures. 
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From the comparisons of the calculated results described above, we may conclude 
that the drying-rate equations which used the wet-bulb temperatures instead of the sur-
face temperatures of the undrying-core in order to simplify the calculations were better 
than the other, and more adequate for the design of various drying apparatuses. 
NOTATIONS 
cg and C5 : moisture concentrations of gas-film and undrying-core surfaces (g-H 20/ 
cm3 -void) 
hm and km: rate parameters of gas-film diffusion (cm3 -void/cm 2 -min) and shell dif-
fusion ( cm3 -void/cm2 -min) 
p, Psct and pfm : vapor pressure and saturated vapor pressures at td and tw(mmHg) 
Rand re: radius of sample and the undrying-core (cm) 
tc, td and tw: center temperature of sample, and dry- and wet-bulb temperatures (0 C} 
V, W, w and xw: volume, moisture content, weight and drying-ratio of sample (cm3 ), 
(g-H2 0/g-D.M.), (g) and(-) 
dW/diJ and dw/diJ: drying-rate of sample (g-H 2 0/min·g-D.M.) and (g-H 2 0/min) 
IJ: drying time (min) 
Subscripts; 
o, e and d: initial, equilibrium and completely drying states 
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ス境膜および乾燥殻状部拡散に関する 2つの速度ノfラメータ hmおよび kmを相関させて非線形最小二乗
法で同時計算し，未乾燥核の表面温度として湿球温度を仮定する場合が，総括的に実験データとの一致が
よく，取り扱いも簡単でよい乙とが分った。尚，本実験条件下において，寒天およびにんじんの乾燥は，
殻状部から乾燥をする現象を示したが，未乾燥核の部分の乾燥も進行していたことから殻状乾燥モデノレ
を満足的に適用できるものではなかった。簡単な乾燥速度式を得る目的に対しては，均一乾燥モデルに韮
づいた乾燥速度式との比較検討も必要と考えられる。
